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Cadmium inhibits vacuolar H1-ATPase and endocytosis in rat kidney
cortex. The mechanism of cadmium (Cd)-induced damage in the mam-
malian proximal tubule that is manifested by defects in reabsorption of
various compounds, is poorly understood. A vacuolar H1-ATPase (V-
ATPase) in proximal tubule (PT) brush border and intracellular vesicles
may be affected by Cd, and this may influence intracellular vesicle
trafficking and reabsorption of the filtered proteins. We studied the effects
of Cd on V-ATPase and endocytosis in rat renal PT in vivo and on
acidification mechanisms in isolated renal cortical organelles in vitro. The
V-ATPase activity in brush border membrane (BBM) from Cd-intoxicated
rats was 40% lower compared to that in control animals. Immunofluores-
cence studies in cortical tissue sections and Western blot studies in BBM
from Cd-treated rats showed a strongly decreased abundance of the 31
kDa and 70 kDa V-ATPase subunits. Functional studies in vivo showed a
dramatically diminished endocytosis of fluorescein-labeled dextran in PT
cells from Cd-treated animals, whereas morphological studies revealed a
loss of endocytic invaginations and subapical vesicles in the same cells. In
studies in vitro, Cd inhibited V-ATPase activity in a concentration- and
time-dependent manner in both BBM and endocytic vesicles, whereas in
endocytic vesicles, Cd inhibited ATP-driven intravesicular acidification
and accelerated the dissipation of transmembrane pH gradients. We
conclude that Cd may impair acidification in cell organelles by (a) causing
a loss of V-ATPase protein in their limiting membranes, (b) inhibiting the
intrinsic V-ATPase activity, and (c) dissipating the transmembrane pH
gradient. This may inhibit endocytosis of filtered proteins and impair
vesicle-mediated recycling of some membrane transporters, thus contrib-
uting to the loss of reabsorptive capacity of the PT.
Cadmium (Cd) is an occupational and environmental hazard
with a potent nephrotoxic effect. Nephrotoxicity due to chronic
Cd exposure in humans and experimental animals is manifested
by defects of reabsorptive and secretory functions in the proximal
tubule. Common signs of Cd intoxication include hyperosmolar
polyuria, glucosuria, aminoaciduria, phosphaturia, hypercalciuria,
proteinuria, impaired p-aminohippurate secretion, and increased
fractional excretion of Na1, K1, and Cl2 [1–10].
The cellular mechanisms of Cd nephrotoxicity are not well
understood. As suggested from the direct inhibitory action of Cd
on several brush border transporters [2, 5, 7, 11], the primary
target for Cd might be the plasma membrane, where the first
contact with the cation takes place. However, recent investigations
have shown that Cd has a negligible nephrotoxic effect if given in
the form of CdCl2 as a single i.v. injection even in large doses [12].
Nephrotoxicity develops only following repeated small daily doses
of CdCl2, which in the liver stimulate metallothionein synthesis, or
if a purified Cd-metallothionein complex (CdMT) is injected i.v.
After release from damaged liver cells, or if given i.v. experimen-
tally, CdMT reaches the kidney via the circulation, where it is
freely filtered in the glomerulus and then reabsorbed by endocy-
tosis. This results in a low molecular weight proteinuria and a
focal loss of brush border membrane in Cd-treated animals [13,
14]. This observation led to the conclusion that Cd (CdMT) may
interact with the process of endocytosis in the renal proximal
tubule. As documented by numerous recent studies [15], proximal
tubule cell endocytosis is not only responsible for reabsorption of
filtered proteins, but also is a part of the vigorous recycling
mechanism that is of pivotal importance for trafficking of mem-
brane proteins between the brush border and intracellular mem-
branes. Any inhibition of this vesicle recycling process by Cd could
impair protein reabsorption, manifested by proteinuria, and could
selectively diminish the abundance of various transporters in the
brush border membrane. We have recently found that such a
pattern may at least partially contribute to the loss of type II Na-Pi
cotransporters in the proximal tubule brush border membrane in
Cd-intoxicated rats [3].
The vacuolar H1-ATPase (V-ATPase) plays a crucial role in
intracellular vesicle trafficking by maintaining an acidic environ-
ment within the lumen of endo- and exocytic organelles in various
mammalian cells [16, 17]. As indicated in numerous studies
[17–22], inhibition of endosomal acidification by V-ATPase inhib-
itors or by acidotropic agents leads to a significant reduction in
endocytosis and intracellular processing of various proteins and
viruses. Based on previous observations that proteinuria is an
early sign of nephrotoxicity in workers exposed to Cd [1, 4], we
tested the hypothesis that Cd may affect acidification of intracel-
lular organelles and thus impair endocytosis of proteins filtered in
the proximal tubule. In this report we present evidence that Cd
potently inhibits mechanisms of acidification in plasma mem-
branes and endosomes from the renal cortex as well as endocy-
tosis in the renal proximal tubule cells.
METHODS
Animals and treatment
Three-month-old Wistar strain rats (body mass 290 to 300 g)
from our institutional colony were used. Unless specifically
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mentioned, animals had free access to standard laboratory food
and tap water. Cd nephrotoxicity was induced by subcutaneous
injections of CdCl2 at a dose of 2 mg Cd/kg body wt daily for 14
days. Control animals were injected with an equivalent volume
(0.15 ml) of 0.9% NaCl. Animals were killed by decapitation.
Acid/base analysis
Blood and urine samples were taken from the canulated aorta
and urinary bladder, respectively, in anesthetized rats immediately
before kidney perfusion (see below). The acid/base parameters
were measured by a CIBA-Corning 248 acid/base analyzer.
Cadmium analysis
Renal cortical tissue was dry ashed at 450°C for 24 hours. Ashed
samples were dissolved in 2% nitric acid, and Cd concentration
was measured by atomic absorption spectrometry in the flame
mode.
Urine analysis
Two days before killing, animals were individually placed in
metabolic cages, deprived of food and water for 24 hours, and
urine was collected under mineral oil. Urine volume was mea-
sured and protein was determined by the dye-binding method of
Bradford using bovine serum albumin as the standard [23].
Isolation of membrane vesicles
Brush border membrane vesicles (BBMV) were isolated from
rat renal cortical homogenates by the Mg21-aggregation method
of Biber et al [24] and prepared in a buffer containing (in mM):
100 KCl, 10 N-2-hydroxyethyl-piperazine-N9-2-ethanesulfonic acid
(HEPES)-Tris, pH 7.0. The enrichment factor for leucine aryl-
amidase (an apical membrane marker) in isolated BBMV was
13.6 6 0.7 (controls, N 5 4) and 13.9 6 0.7 (Cd-treated rats, N 5
4), whereas that for Na1/K1-ATPase activity (a basolateral
membrane marker) was 0.6 6 0.1 (controls, N 5 4) and 0.8 6 0.2
(Cd-treated rats, N 5 4). Cortical endocytic vesicles, purified by
the method of Sabolic and Burckhardt [25], were prepared in a
KCl-buffer that contained (in mM): 300 mannitol, 100 KCl, 5
MgCl2, 5 HEPES-Tris, pH 7.0. Compared with the activity
measured in homogenates, these vesicles were enriched in ATP-
driven H1-pump activity about 35-fold (35 6 3.6, N 5 3). Vesicle
protein was determined by the Bradford assay [23]. Following
adjustment to the desired protein concentration, vesicles were
used in the experiments either immediately or were stored in
liquid nitrogen until further use.
ATPase assays
ATPase activity in isolated membrane vesicles was measured by
the assay of phosphate (Pi) liberation as described in detail
previously [26]. Vesicles were used either intact or were first
treated with the detergent Tween 20 (final concentration 1.6%
wt/wt) for 15 minutes in order to expose ATPases at the internal
side of the vesicle membrane. In preliminary experiments we
tested a variety of detergents at various concentrations and found
that the indicated concentration of Tween 20 yielded the highest
activity of bafilomycin-sensitive ATPase in renal cortical BBMV.
The incubation mixture in a total volume of 0.2 ml contained (in
mM): 150 KCl, 5 MgSO4, 50 HEPES-Tris (pH 7.0), 1 levamisole,
2 ouabain, 0.5 vanadate, 5 mg/ml oligomycin, and either 15 mg
(detergent-treated BBMV) or 25 mg protein (intact and deter-
gent-treated endocytic vesicles), and various concentrations (0 to
100 mM) of Cd added from a stock solution of CdCl2 in water. The
concentration of Cd in the stock solution was determined by
atomic absorption spectrometry. To allow maximal V-ATPase
activity in intact endocytic vesicles, we added the K1 ionophore
valinomycin (Sigma, St. Louis, MO, USA) and the protonophore
carbonyl cyanide p-chloromethoxyphenyl-hydrazone (CCCP; Sig-
ma; final 2.5 mM each, added from stock solutions in ethanol) to
the incubation mixture. The bafilomycin-sensitive ATPase was
measured as the difference in ATPase activity in the absence and
presence of 1 mM bafilomycin A1 (a gift from Dr. K. Altendorf,
Osnabru¨ck, Germany) added from ethanol stock. Vesicles were
preincubated with the inhibitors and ionophores at 37°C for 10 to
30 minutes before ATP was added to start the reaction. The
reaction was terminated 15 minutes later and processed as
described previously [26]. In preliminary experiments, we found
that the ATPase reaction was linear for up to 30 minutes of
incubation and that Cd in concentrations of up to 500 mM did not
interfere with the colorimetric measurement of liberated phos-
phate (data not shown).
Fluorescent measurements
The ATP-driven H1 pump in isolated endocytic vesicles was
continuously monitored at 37°C by the fluorescence quenching of
acridine orange, a DpH-sensitive weak base that accumulates in
acidic compartments [25, 27]. In these studies we used freshly
isolated vesicles. If not stated differently, an aliquot of vesicles
(150 mg protein) was added to 2 ml KCl-buffer that contained 6
mM acridine orange (Sigma), 2.5 mM valinomycin, and various
concentrations (final 0 to 100 mM) of CdCl2. The reaction mixture
was preincubated at 37°C for 10 or 20 minutes before intravesicu-
lar H1 uptake was initiated by adding Mg-ATP from a stock
solution in water (final 1.5 mM). Where required, the formed DpH
was quickly abolished by adding CCCP (final 2.5 mM) or its
spontaneous dissipation was monitored following addition of
bafilomycin (final 1 mM) or CdCl2 (final 50 to 100 mM).
In some experiments we tested V-ATPase activity and intra-
vesicular acidification in isolated vesicles in the presence of
dithiothreitol (DTT; Sigma), an SH-group protective agent [28],
and in the presence of divalent cation chelators, EDTA (ethyl-
enediamine tetraacetic acid; Sigma) and EGTA (ethylene glycol-
bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid; Sigma). DTT
and chelators were added to the reaction buffers from a water
stock solution at a final concentration of 0.2 to 0.5 mM either five
minutes before adding Cd, or at the same time as Cd, or 10
minutes after addition of Cd (that is, immediately before adding
ATP), or two minutes after the addition of ATP. The effect of
DTT and chelators on vesicular V-ATPase activity was also tested
in the absence of Cd. In preliminary experiments, chelators were
added to the reaction mixture 15 minutes before ATP or imme-
diately before ATP in doses of up to 0.5 mM and were found not
to affect the intravesicular acidification in isolated endosomes
(not shown).
Antibodies
A monclonal antibody (cell culture supernatant, E11) against
the 31 kDa V-ATPase subunit [29] and a polyclonal antibody
(rabbit serum) against the 70 kDa V-ATPase subunit [30] were
gifts from Dr. S. Gluck (Jewish Hospital, St. Louis, MO, USA).
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SDS-PAGE and Western blotting
Brush border membrane vesicle proteins were denatured by
boiling in sample buffer (1% SDS, 12% vol/vol glycerol, 5%
b-mercaptoethanol, 30 mM Tris/HCl, pH 6.8) for five minutes.
Proteins were separated by SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) through a 12% Laemmli gel and then trans-
ferred to Immobilon (Millipore, Bedford, MA, USA). The mem-
brane was briefly stained with Coomassie blue to check the
efficiency of the transfer, destained, and blocked in blotting buffer
(5% nonfat dry milk, 0.15 M NaCl, 1% Triton-X-100, 20 mM
Tris/HCl, pH 7.4), followed by an incubation in either undiluted
tissue-culture medium containing anti-31 kDa subunit antibody or
in the same buffer that contained the anti-70 kDa V-ATPase
subunit antibody (immune serum diluted 1:500) at room temper-
ature for three to four hours. The membrane was then washed in
several changes of blotting buffer, incubated for one hour with the
same buffer that contained 0.1 mg/ml goat anti-rabbit IgG conju-
gated to alkaline phosphatase (Vector Laboratories, Burlingame,
CA, USA), washed again, and stained for alkaline phosphatase
activity with the BCIP/NBT method (Kirkegaard and Perry Lab.,
Gaithersburg, MD, USA). The intensity of the protein bands was
quantified by digitizing the Western blots using a Sun BioSciences
gel analyzer, equipped with a video camera and proprietary image
analysis software. After digitizing, the images were quantified by
performing a linear intensity analysis along each lane. Each peak
was integrated, and results were expressed in arbitrary units.
Three lanes, each from different rat, were quantified for each
condition. In preliminary experiments, we found that the density
of the 70 kDa V-ATPase bands was linear for the range of 10 to
40 mg protein per lane for BBMV proteins from both control and
Cd-treated animals (not shown).
In one experiment we tested if preincubation of endosomal
vesicles with Cd (6 ATP) affects the abundance of 70 kDa
(catalytic) V-ATPase subunit. Endocytic vesicles were incubated
at 37°C for 15 minutes in KCl-buffer that contained either 1.5 mM
ATP or 100 mM Cd or both compounds, or no additives (control).
The reaction was stopped by diluting samples with cold KCl-
buffer. Vesicles were pelleted by centrifugation, dissolved in
sample buffer, and processed by PAGE and immunoblotting, as
described above.
Endocytosis assay
Rats were anesthetized and injected into the jugular vein with a
solution of fluorescein-isothiocyanate dextran (FITC-dextran,
Molecular Probes, 9.6 kDa, 35 mg in 1.5 ml 0.9% NaCl per rat).
This fluid-phase marker is freely filtered by the glomerulus and
endocytosed by the proximal tubule and other cells along the renal
tubule [31, 32]. Fifteen minutes later, the non-endocytosed
marker was removed from the circulation by in vivo perfusion of
kidneys with ice-cold PBS and fixative as described in detail below.
Tissue fixation and immunocytochemistry
Rats were anesthetized with Nembutal (65 mg/kg body mass,
i.p.). The kidneys were perfused via the abdominal aorta, first with
ice-cold phosphate-buffered saline (PBS; in mM: 140 NaCl, 4 KCl,
2 KH2PO4, pH 7.4) for two to three minutes and then with fixative
(2.5% paraformaldehyde, 0.1% glutaraldehyde in PBS) for five
minutes. Kidneys were removed, sliced, and kept overnight in the
same fixative at 4°C, followed by extensive washing with PBS. The
tissue was kept in PBS containing 0.02% NaN3 at 4°C until further
use.
To cut 4 mm frozen sections for indirect immunofluorescence,
tissue blocks were infiltrated with 30% sucrose (in PBS) over-
night, frozen in liquid nitrogen, and sectioned on a Reichert
Frigocut cryomicrotome. Sections were collected on Superfrost/
Plus Microscope slides (Fischer Scientific, Pittsburgh, PA, USA)
and rehydrated in PBS for 10 minutes. Tissue sections from rats
that had been perfused with FITC-dextran were mounted in a
fluorescence-fading retardant (2.5% n-propyl gallate, 50% glyc-
erol, 0.1 M Tris/HCl, pH 8.0), examined and photographed. The
tissue sections from other animals were incubated for five minutes
in PBS containing 1% SDS in order to enhance labeling of the
detergent-exposed cryptic antigenic sites [33]. SDS was removed
by extensive washing in PBS. Sections were then kept in 1%
bovine serum albumin (in PBS) for 15 minutes, incubated with
undiluted anti-31 kDa antibody at room temperature for three
hours, washed in PBS, incubated with fluorescein-labeled goat
anti-mouse antibody (8 mg/ml PBS; Kirkegaard and Perry Lab.)
for one hour, washed in PBS, mounted in a fluorescence fading
retardant, examined and photographed with a Nikon FXA fluo-
rescence microscope using Kodak TMAX 400 film.
Electron microscopy
Kidneys were perfused in vivo with PBS, followed by the fixative
(4% paraformaldehyde, 1% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4). Organs were removed, sliced, postfixed
in 2% glutaraldehyde (in 0.1 M sodium cacodylate buffer) over-
night, and then further processed for conventional electron
microscopy. Briefly, tissue was rinsed in sodium-cacodylate buffer,
stained with 2% aqueous uranyl acetate, dehyrated with graded
ethanol up to 100%, rinsed with propylene oxyde, and embedded
in 100% Epon. Ultrathin (70 to 80 nm) sections were mounted on
formvar-coated nickel grids, stained with uranyl acetate and lead
citrate, and inspected and photographed with a Philips CM10
electron microscope.
Presentation of the data
The data in the graphics represent three or more independent
experiments with different tissue (immunofluorescence and elec-
tron microscopy) or vesicle preparations (Western blots and
fluorescence recordings). The numeric data are means 6 SEM
statistically evaluated by the Student’s t-test at a 5% level of
significance.
RESULTS
Acid/base status
Acid/base parameters of the blood and urine from control and
Cd-intoxicated rats were compared (Table 1). Whereas the ma-
jority of parameters, including the blood and urine pH, were
similar in these two groups of rats, Cd-treated animals exhibited a
10% lower bicarbonate concentration and a higher base excess in
the blood, thus indicating the presence of a slight metabolic
acidosis in these animals.
Cadmium-induced nephrotoxicity
In accordance with previously published observations [2, 3, 6,
8], rats treated with Cd for two weeks did not increase their body
mass. However, the concentration of Cd in renal cortical wet
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tissue reached 265 6 12.4 mg/g wet mass, that is, it was above the
concentration of 200 mg/g wet tissue proposed to be critical for the
onset of toxic nephropathy [9]. The urine parameters show that
Cd-treated rats excreted two times more urine volume (2.5 times
higher urine flow) and about three times more protein in the urine
in comparison with the control animals (Table 1). Along with the
significant phosphaturia, aminoaciduria, and glucosuria published
elsewhere [2, 3, 8, 13], these findings are typical of chronic Cd
intoxication.
Inhibition of vacuolar H1-ATPase by cadmium in vivo
To test the effect of Cd on renal V-ATPase in vivo, we mea-
sured the activity of bafilomycin-sensitive ATPase (V-ATPase) in
BBMV isolated from the kidney cortex of control and Cd-
intoxicated rats. We previously reported that the N-ethylmaleim-
ide- or bafilomycin-sensitive V-ATPase activity of renal BBMV
can be exposed only by opening the vesicles with a detergent [34].
As shown in Figure 1, the bafilomycin-sensitive ATPase activity in
detergent-opened BBMV from control animals was about 390
nmol Pi/min mg protein and was 40% lower in BBMV from
Cd-intoxicated rats. Thus, Cd administered in vivo lowered the
V-ATPase activity of renal cortical brush border membranes. The
ATPase data were confirmed by Western blotting; the protein
bands related to 70 kDa and 31 kDa V-ATPase subunits in BBMV
from Cd-intoxicated rats were weaker than the bands in vesicles
from control animals (Fig. 2). Densitometrically, the intensity of
the 70 kDa bands was (arbitrary units) 1160 6 26 (N 5 3) and
694 6 95 (N 5 3, P , 0.01), whereas the intensity of the 31 kDa
bands was 1433 6 35 (N 5 3) and 828 6 131 (N 5 3, P , 0.02)
in membranes from control and Cd-intoxicated animals, respec-
tively.
In an in vitro assay we tested if Cd directly targets the V-ATPase
and causes the dissociation and loss of the respective subunits
from endocytic vesicles, and if a possible dissociation is prevented
by ATP addition. The vesicles were incubated for 15 minutes at
37°C in a KCl-buffer that contained either ATP (1.5 mM) or Cd
(100 mM) or ATP1Cd, or none of these additives (control).
Following incubation, the vesicles were diluted in cold KCl-buffer,
pelleted by centrifugation, and processed for PAGE and Western
blotting. The density of the 70 kDa V-ATPase subunit was similar
in all conditions indicating that Cd did not cause dissociation and
loss of this V-ATPase subunit (data not shown).
Findings by indirect immunofluorescence in sections of frozen,
fixed kidney cortex were in agreement with the Western blot data.
In accordance with previously published results [31, 35], in control
tissue sections the anti-31 kDa subunit antibody stained strongly
the V-ATPase in the apical domain of proximal tubules as well as
intercalated cells in cortical collecting ducts (not shown) and
connecting segments (CS). The apical domain of the distal tubule
(DT) was also stained (Fig. 3A). In tissue sections from Cd-
intoxicated rats, the staining in the vast majority of proximal
tubules was greatly diminished. In some proximal tubules, how-
ever, the intensity of staining was not different from that in
controls (Fig. 3B). The staining in DT was similar to that seen in
controls (not shown), and a number of intercalated cells in
collecting ducts (CD) exhibited a strong apical staining (Fig. 3B).
Inhibition of vacuolar H1-ATPase by cadmium in vitro
The effect of Cd on V-ATPase activity in vitro was studied in
BBMV and endocytic vesicles isolated from the kidney cortex of
control rats. BBMV were opened by detergent and ATPase
activity was measured following preincubation of vesicles with
various concentrations of Cd for 10 or 20 minutes. In the tested
range the inhibition of enzyme activity was dependent on Cd
Table 1. Acid/base parameters in blood and urine, body mass, tissue cadmium, urine volume, and urinary excretion of protein in control and
cadmium-treated rats
Sample Parameter Control Cadmium P
Blood pH 7.374 6 0.006 7.354 6 0.019 NS
pCO2 mm Hg 39.5 6 1.43 36.8 6 1.65 NS
Saturation with O2 % 98.7 6 0.26 96.8 6 0.72 , 0.05
[HCO3
2] mM 23.2 6 0.69 20.7 6 0.42 , 0.01
Base excess mM 21.2 6 0.52 23.7 6 0.59 , 0.01
Body mass g 319 6 11.4 276 6 8.7 , 0.01
Cadmium in tissue mg/g wet mass 0.05 6 0.013 265 6 12.4 , 0.01
Urine pH 6.84 6 0.14 6.95 6 0.09 NS
Volume ml/rat z day 4.32 6 0.59 9.33 6 1.37 , 0.01
Flow ml/kg body mass z day 13.7 6 2.13 34.2 6 5.36 , 0.01
Protein mg/rat z day 9.1 6 1.0 24.2 6 4.7 , 0.02
Protein mg/kg z body mass z day 28.8 6 3.4 88.3 6 16.7 , 0.01
Shown are means 6 SEM. Acid/base parameters in blood and urine were measured in 11 control and 8 Cd-treated rats, whereas the body mass, urine
volume and urine protein excretion was measured in 6 control and 7 Cd-treated animals. Cadmium concentration in the wet kidney cortex tissue was
measured in 9 control and 5 Cd-treated rats.
Fig. 1. Bafilomycin-sensitive ATPase activity in detergent-treated renal
cortical brush border membrane vesicles isolated from control and
Cd-intoxicated rats. Shown are means 6 SEM of the data obtained with
different vesicle preparations. Compared with the activity in control
membranes (N 5 6), the ATPase activity in membranes from Cd-
intoxicated rats (N 5 9) was significantly (*P , 0.001) lower.
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concentration, and after 10 minutes of preincubation it reached
about 25% and 80% at 10 mM and 100 mM Cd, respectively (Fig.
4A). The inhibition was also time-dependent; ATPase activity was
lower after 20 minutes than after 10 minutes preincubation with
10 mM Cd (Fig. 4B). DTT, added to the reaction mixture at a final
concentration of 0.2–0.5 mM either five minutes before Cd, or at
the same time as Cd, or immediately before adding ATP, did not
prevent the observed inhibition of V-ATPase by Cd. On the
contrary, preincubation of vesicles for 10 minutes with DTT alone
(Cd was absent) caused a concentration-dependent inhibition (up
to 50% at 0.5 mM DTT) of V-ATPase activity (data not shown).
To investigate the effect of Cd on ATP-driven intravesicular
acidification in isolated cortical endosomes, we used the previ-
ously described acridine orange fluorescence quenching method
[25]. In preliminary experiments we tried to measure acidification
in endosomes that had been loaded in vivo with the pH-sensitive
fluorescent marker FITC-dextran, as described in detail previ-
ously [25, 31]. However, this approach failed because even small
concentrations of Cd (5 to 20 mM) caused a strong, instantaneous
quenching of FITC-dextran fluorescence even in the absence of
ATP (not shown). On the other hand, Cd in concentrations up to
500 mM did not interfere with the fluorescence of acridine orange
in the presence or absence of vesicles and ATP (data not shown).
As demonstrated in Figure 5A (curve O), in the absence of Cd we
recorded an ATP- and time-dependent quenching of acridine
orange fluorescence that indicated intravesicular acidification
mediated by the V-ATPases present in the vesicle limiting mem-
brane [25]. Bafilomycin stopped the further development of
intravesicular acidification (BAF) and the DpH (fluorescence
quenching) decayed spontaneously. The rate of this decay was not
significantly accelerated by 100 mM Cd added to the extravesicular
buffer, whereas the protonophore CCCP caused an instantaneous
and complete dissipation of the quenching. However, if the
vesicles were preincubated with Cd at 37°C for 10 to 20 minutes
and then diluted in Cd-free KCl-buffer, a concentration-depen-
dent and time-dependent inhibition of both the ATP-driven initial
rate of fluorescence quenching and degree of final quenching
were recorded (Fig. 5 A and B, respectively). Similar recordings
were obtained if the vesicles were preincubated with Cd and
diluted in KCl-buffers that contained the same concentrations of
Cd (not shown), thus eliminating the possibility that the inhibition
of intravesicular acidification was driven by an in-to-out Cd
gradient. A summary of the initial rates of fluorescence quenching
in these experiments is shown in Figure 6. After preincubation of
Fig. 2. Western blots of renal cortical brush
border membrane proteins from control and
cadmium (Cd)-intoxicated rats labeled with
antibodies against the 70 kDa (A) and 31 kDa
(B) vacuolar H1-ATPase (V-ATPase) subunits.
Shown are representative blots with membranes
from 3 control and 3 Cd-treated animals. The
density of the respective protein bands was
weaker in membranes from Cd-intoxicated rats.
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vesicles with increasing concentrations of Cd for 10 minutes, the
initial rates of the ATP-driven intravesicular acidification were
gradually inhibited from 40% to 65% at 10 mM and 100 mM Cd,
respectively (Fig. 6A). After preincubation with 10 mM Cd for 20
minutes, the inhibition increased to 54% (Fig. 6B). This inhibition
of intravesicular acidification was observed only following prein-
cubation of the vesicles with Cd at 37°C. Following preincubation
at room temperature, acidification was inhibited less, and follow-
ing preincubation on ice, no inhibition at all was seen (data not
shown). The observed Cd-induced inhibition of intravesicular
acidification in renal cortical endosomes was not prevented with
up to 0.5 mM DTT added to the test buffers five minutes before or
at the time of Cd addition (data not shown). However, in the
presence of 0.2 mM EDTA or EGTA, added to the reaction
mixture at the same time as Cd (10 min before adding ATP) or
immediately before adding ATP, or two minutes after the reaction
was started by adding ATP, the intravesicular acidification com-
pletely recovered and was similar to that in control samples in
which Cd was not present (data not shown).
The presence and characteristics of the V-ATPase in the
external (cytoplasmic) domain of the limiting membrane in renal
cortical endosomes have been described previously [25, 36]. In
preliminary experiments we studied the bafilomycin-sensitive
ATPase in endosomes that had been treated with detergent, that
is, the same treatment as described for BBMV. Compared to
intact endosomes, the detergent-treated vesicles exhibited 50 to
100% higher V-ATPase activity, most probably due to an activity
of detergent-opened BBMV that always contaminate endosomal
preparations [25]. The sensitivity of V-ATPase to Cd in detergent-
treated endosomal preparations was similar to that in BBMV
(data not shown). In intact endosomes, however, the V-ATPase
exhibited a lower sensitivity to Cd; we observed no significant
inhibition after preincubation of endocytic vesicles with 10 mM or
20 mM Cd for 15 minutes (data not shown). Preincubation with 50
mM, 100 mM and 200 mM Cd inhibited the V-ATPase activity 29%,
49%, and 76%, respectively (Fig. 7). The Cd effect was also
time-dependent; in vesicles preincubated with 50 mM Cd for 30
minutes, the enzyme inhibition increased to 60%.
A comparison of the acidification data in Figure 5 and Figure 6
with the V-ATPase data in Figure 7 indicates that intravesicular
acidification is more sensitive to Cd than V-ATPase activity in
endosomes. Thus, after preincubation with 10 mM Cd, the initial
rates of intravesicular acidification were inhibited about 40%
whereas the bafilomycin sensitive ATPase was not significantly
Fig. 3. Localization by indirect immunofluorescence of 31 kDa vacuolar H1-ATPase subunit in cryostat sections of perfusion-fixed kidney cortex from
control (A) and Cd-intoxicated rats (B). The majority of proximal tubules (PT) in Cd-intoxicated rats exhibited a strong decrease of staining in the brush
border membrane. Some PT, however, retained a significant staining in a whole or restricted areas of brush border membrane. The apical membrane
staining in the distal tubule (DT) and connecting segment (CS) remained unaffected by Cd-intoxication, whereas in the collecting duct (CD) of
Cd-treated rats, many intercalated cells exhibited a strong apical staining. Bar 5 20 mm.
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affected with up to 20 mM Cd. In addition, at 50 mM and 100 mM
Cd, the inhibition of the initial rates of intravesicular acidification
was 15 to 20% greater than that of the V-ATPase activity. This
observation suggests that in addition to inhibiting the V-ATPase,
Cd may dissipate the transmembrane pH gradient in endosomes.
The absence of an immediate effect of Cd on transmembrane
DpH, shown in Figure 5, indicates that such an action may be slow.
Indeed, as shown in Figure 8, when Cd was added to the
extravesicular buffer after the bafilomycin-sensitive ATP-depen-
dent transmembrane DpH (fluorescence quenching) in endo-
somes had fully developed, followed by addition of bafilomycin
(BAF), the spontaneous dissipation of DpH was increased. The
effect took a few minutes to become clearly visible. After four
minutes, the residual transmembrane pH gradient (fluorescence
quenching) sensitive to protonophore CCCP was much smaller in
samples that contained Cd. The increased dissipation of the
endosomal DpH with Cd was not affected by up to 0.5 mM DTT
added to the outside buffer immediately before Cd (not shown).
Endocytosis of FITC-dextran
Previous studies showed an impaired endocytosis of proteins
and viruses into cells following inhibition of acidification in
Fig. 4. Concentration-dependent (A) and time-
dependent (B) inhibitions of the bafilomycin-
sensitive ATPase activity by cadmium (Cd) in
detergent-treated renal cortical brush border
membrane vesicles. (A) Vesicles were
preincubated with the indicated Cd
concentrations for 10 minutes at 37°C before
starting the ATPase assay. (B) Vesicles were
preincubated with 10 mM Cd for the indicated
time at 37°C before starting the ATPase assay.
Control vesicles (C) were preincubated at 37°C
for 20 minutes without Cd; Cd (final 10 mM)
was added later, at the end of ATPase assay.
Shown are means 6 SEM of the data obtained
with 6 (A) and 4 (B) different vesicle
preparations (P , 0.05 vs. controls).
Fig. 5. Concentration-dependent (A) and time-
dependent (B) effects of cadmium (Cd) on
ATP-driven intravesicular acidification in renal
cortical endocytic vesicles as measured by the
quench method of acridine orange fluorescence.
(A.) Vesicles were preincubated without (0) or
with indicated Cd concentrations at 37°C for 10
minutes before intravesicular acidification
(fluorescence quenching) was initiated by
adding ATP. At the indicated time, bafilomycin
(BAF, final 1 mM), Cd (final 100 mM), or
protonophore CCCP were added to the outside
buffer in order to stop further acidification or
to dissipate the DpH. (B.) Vesicles were
preincubated with 10 mM Cd at 37°C for 10 or
20 minutes before intravesicular acidification
was started by adding ATP. Control sample (C)
was preincubated without Cd at 37°C for 20
minutes before adding ATP. In the absence of
ATP, no fluorescence quenching occurred
(-ATP). Shown are representative curves for 7
to 9 similar experiments with different vesicle
preparations.
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various intracellular organelles [17–22]. As the majority of protein
in the glomerular filtrate is reabsorbed by the process of endocy-
tosis along the proximal tubule, we proposed that the enhanced
proteinuria in Cd-treated rats could be due to impaired endocy-
tosis by proximal tubule epithelial cells. We examined endocytosis
in proximal tubule cells by injecting animals in vivo with FITC-
dextran and studying microscopically its distribution in frozen
sections of fixed tissue. In accordance with previously published
data [31, 32], in control tissue sections (Fig. 9A), the fluorescent
marker was heavily concentrated in numerous membrane vesicles
beneath the brush border membrane. In tissue sections of Cd-
intoxicated rats (Fig. 9B), the overall fluorescence in the proximal
tubule cells was strongly decreased and the fluorophore-loaded
vesicles were scattered all over the cytoplasm rather than being
concentrated subapically. In view of our observation that Cd
strongly decreases the fluorescence of FITC-dextran in solutions,
we tested the possibility that Cd may irreversibly quench the
fluorescence of FITC-dextran in tissue slices. Such an interaction
would artificially decrease the fluorescence of the entrapped
fluorophore and mimic lower endocytosis in tissue slices from
Cd-intoxicated rats. Slices of kidney cortex from the FITC-
dextran-perfused control rats were incubated for two hours with
up to 3 mM Cd (CdCl2 in PBS), extensively washed in Cd-free
PBS, mounted in a fluorescence fading retardant, and examined
by fluorescence microscopy. The fluorescence in tissue slices
treated with 3 mM Cd and in tissue slices processed in Cd-free PBS
were similar (data not shown). Moreover, if the fluorescence was
inspected in tissue slices mounted with fluorescence fading retar-
dant that also contained up to 6 mM Cd, the fluorescence intensity
was not diminished. Whereas the differences between the Cd
inhibition of FITC-dextran fluorescence in fluorometric studies
and the absence of such an interference in immunofluorescence
studies cannot be readily explained, we conclude that any free Cd
in tissue slices from Cd-treated rats does not irreversibly interact
with the FITC-dextran entrapped in endosomes.
Electron microscopy
Conventional electron microscopy of renal cortical tissue sam-
ples from control and Cd-treated rats was performed in order to
test if the diminished FITC-dextran endocytosis is associated with
morphological loss of endosomes in proximal tubule cells. In
accordance with previously published findings in rodents treated
with Cd or Cd-MT [13, 14, 37], in the majority of proximal tubule
cells in Cd-intoxicated rats we observed a focal loss and shorten-
ing of brush border membrane, fragmentation and loss of baso-
lateral invaginations, and smaller mitochondria scattered in the
cytoplasm (Fig. 10B). Some cells also had numerous lysosomes
and hyaline bodies (not shown). The numerous coated invagina-
tions at the base of microvilli and a plethora of subapically-located
vesicles in proximal tubule cells from control rats indicate a
vigorous endo- and exocytosis in these cells (Fig. 10C). The
number of coated invaginations and subapical vesicles in cells
from Cd-treated rats was strongly reduced (Fig. 10D), and is
consistent with a significantly diminished endocytosis and vesicle-
dependent recycling of brush border components. Therefore,
these morphological studies showing a reduced number of endo-
cytic invaginations and subapical vesicles in proximal tubule cells
of Cd-intoxicated rats are in a complete agreement with the
functional data that showed a strongly impaired endocytosis of
FITC-dextran in the same cells.
DISCUSSION
Numerous studies in experimental animals in vivo and in cell
cultures in vitro have shown that a decreased acidification of
various intracellular organelles, induced by V-ATPase inhibitors
or acidotropic compounds, causes impairment of endocytosis,
vesicle trafficking, and intracellular processing of proteins and
viruses [17–22]. Accordingly, we hypothesized that enhanced
proteinuria in Cd-intoxicated rats may result from an impaired
endocytosis due to Cd action on the renal V-ATPase. In the
Fig. 6. Concentration-dependent (A) and time-
dependent (B) inhibitions of the initial rates of
intravesicular acidification (fluorescence
quenching) by cadmium (Cd) in renal cortical
endocytic vesicles. The initial rates of
intravesicular acidification were estimated from
the recordings described in Figure 5, by
drawing the tangent to the initial part of the
fluorescence quenching. (A.) Vesicles were
preincubated without (0) or with indicated Cd
concentrations at 37°C for 10 minutes before
intravesicular acidification was initiated by
adding ATP. (B.) Vesicles were preincubated
with 10 mM Cd at 37°C for indicated time
before intravesicular acidification was started by
adding ATP. Control samples (C) were
preincubated without Cd at 37°C for 20 minutes
before adding ATP. Shown are the initial rates
(mean 6 SEM) of fluorescence quenching
obtained in 9 (A) and 7 (B) experiments with
different vesicle preparations. *P , 0.01 and
**P , 0.001 vs. Controls.
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mammalian proximal tubule, this protein is located on the brush
border membrane [34, 35], where it contributes to the secretion of
H1 necessary to buffer filtered bicarbonate [38], as well as on
various intracellular vesicles, where it acidifies the vesicle interior
thus enabling continuous intracellular vesicle trafficking via endo-
and exocytosis [15, 17]. The processes in kidney proximal tubule
cells that may be affected by Cd inhibition of the V-ATPase
include: (a) acidification of the tubular fluid and reabsorption of
bicarbonate, (b) vesicle recycling by endo- and exocytosis, (c)
vesicle recycling-dependent content of specific transporters in
brush border membrane, and (d) reabsorption of filtered proteins.
Compared with controls, Cd-intoxicated rats exhibited a
strongly decreased V-ATPase activity in renal cortical BBMV. As
shown by Western blots and immunohistochemical data, this
decrease was at least partially related to the loss of V-ATPase
antigenicity in brush border membranes from Cd-treated animals.
The loss of antigens was marked in the vast majority of proximal
tubules but was less dramatic in some tubules, thus indicating
heterogeneous effects of Cd on different regions of the tubule.
The reason for this heterogeneity is not known. Similar observa-
tions were recently reported concerning the distribution of the
renal type sodium-phosphate cotransporter, NaPi-2, in Cd-intox-
icated rats [3]. In that study, the loss of brush border NaPi-2
antigenicity in Cd-treated rats was partially explained by the focal
loss and shortening of the microvilli, that has been described
previously in this toxic condition [3, 13, 14, 37], and mainly by the
loss of the specific protein from the membrane. In the present
study, loss of V-ATPase antigenicity in brush borders of Cd-
treated animals, as seen by indirect immunofluorescence, can also
partially be explained by the focal damage, shortening and loss of
microvilli; these phenomena were clearly demonstrated in our
electron microscopic studies of the proximal tubule cell morphol-
ogy. However, Western blotting of the 70 kDa (catalytic subunit)
and 31 kDa V-ATPase subunits in isolated BBMV from Cd-
intoxicated rats also points to a decreased abundance of the
V-ATPase protein in these membranes.
The loss of a specific membrane protein may result from
inhibition of de novo protein synthesis and/or from inhibition of
the recycling of brush border membrane proteins via intracellular
vesicle trafficking. Although in this study a potential inhibition of
V-ATPase synthesis in Cd-intoxicated rats was not examined, we
recently proposed that, following long-term treatment with Cd,
biosynthesis of another brush border membrane protein, NaPi-2,
may be inhibited due to a reduced abundance of the specific
mRNA [3]. Our previous data, however, have demonstrated that
in renal proximal tubule cells, the V-ATPase is rapidly recycled
between the brush border membrane and endosomes and that
inhibition of the recycling process by colchicine, a compound that
disrupts microtubules, can effectively diminish the amount of
apical V-ATPase even in the absence of a lowered rate of protein
synthesis [39].
In the present study we showed that Cd potently inhibits
V-ATPase activity in vitro in both renal cortical brush border
membrane and endocytic vesicles, and also that it dissipates the
transmembrane DpH generated by the V-ATPase in endosomes.
Both the concentration-dependent and the time-dependent sen-
sitivities of the V-ATPase activity to Cd were greater in brush
border vesicles and endosomes digested by detergent than in
intact membrane vesicles. Thus, the reactive groups sensitive to
Cd may have been exposed more by the detergent treatment of
membranes. In addition, reactivity of these groups with Cd seems
to be temperature-dependent; the inhibition of intravesicular
acidification by Cd was the strongest following preincubation of
vesicles with Cd at 37°C. The reactive groups sensitive to Cd in our
experiments are not known. Similar to other heavy metals, Cd may
bind to various groups in protein molecules, including COO-,
NH2- or SH-groups, showing a preference to thiol-groups [40]. As
shown previously [25, 34, 36], the V-ATPase in renal cortical
organelles is extremely sensitive to N-ethylmaleimide, an SH-
group reagent, and thus contains functionally-important SH-
groups.
In endocytic vesicles, the Cd-induced inhibition of intravesicu-
lar acidification was completely recovered in buffers that con-
tained the divalent cation chelators EDTA or EGTA, thus
indicating that (a) Cd reversibly acted upon V-ATPase from the
outside (cytoplasmic) side of the membrane, most probably by
targeting the catalytic (70 kDa) V-ATPase subunit; and (b) Cd did
not cause dissociation of functionally important V-ATPase sub-
units from the rest of the protein. The latter possibility was
Fig. 7. Concentration-dependent and time-dependent inhibitions of
bafilomycin-sensitive ATPase activity by cadmium (Cd) in intact renal
cortical endocytic vesicles. Vesicles were preincubated with indicated Cd
concentrations at 37°C for 15 or 30 minutes before ATPase was initiated
by adding ATP. Control samples (0 mM), preincubated without Cd for 15
or 30 minutes, showed similar ATPase activities and are summarized as
the 15 minute data. Shown are means 6 SEM of ATPase activity obtained
with 4 to 9 different vesicle preparations. *P , 0.01 vs. Control; **P ,
0.001 vs. 15 minutes, 50 mM Cd.
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directly disclosed in our in vitro experiment. Incubation of endo-
cytic vesicles with Cd did not induce any significant loss of the 70
kDa V-ATPase subunit in the vesicle membrane. In the present
studies, however, we were unable to counteract the in vitro effects
of Cd on V-ATPase activity or dissipation of the DpH in renal
cortical organelles by DTT, a compound that protects SH-groups
[28]. Moreover, in our hands DTT itself inhibited V-ATPase
activity even in the absence of Cd. Such an effect of DTT may not
be surprising; having a strong reducing action, DTT may interfere
with the normal multi-subunit structure of the V-ATPase and thus
disrupt its function. On the other hand, the Cd-induced dissipa-
tion of DpH in endocytic vesicles was not affected by DTT, thus
indicating that interaction with SH-groups was probably not
involved in Cd action. In these experiments Cd did not dissipate
endosomal DpH via Cd21/H1 exchange, a mechanism described
in tonoplast membranes of some plants [41], because similar
effects were recorded in conditions with (Cdin . Cdout) or without
a Cd gradient (Cdin 5 Cdout) in the test buffers. Furthermore,
these experiments were performed in electroneutral conditions by
having 100 mM K1 on both sides of the vesicle membrane, and
valinomycin in the outside buffer. Spontaneous dissipation of
DpH in endosomal vesicles was thus limited by the intrinsic H1
conductance of the vesicle membrane. The H1 conductance of the
endosomal membrane may have been increased by Cd, leading to
a faster dissipation of DpH. Alternatively, Cd may have damaged
the integrity of the vesicle membrane causing a decrease in the
number of closed vesicles.
Our findings in vitro strongly favor the possibility that Cd
directly inhibits V-ATPase activity and the formation of trans-
membrane pH gradients in proximal tubule cell organelles also in
vivo. Cd concentrations that inhibited V-ATPase activity and
disrupted intravesicular acidification (10 to 100 mM) are within the
range of concentrations of unbound Cd (13 mg Cd/g wet wt, ;70
mM) measured in renal cortical tissue at the time of onset of renal
dysfunction manifested by low molecular weight proteinuria in
rabbits [42]. Experiments have shown that the unbound (free) Cd
[2, 5, 7, 11, and this study] and not CdMT [43] is the toxic form
that inhibits various enzymes and transport mechanisms in iso-
lated membranes. In chronic Cd intoxication, CdMT is rapidly
and efficiently taken up by cells in the S1 and S2 segments of the
proximal tubule [44, 45]. These segments are also sites of the most
intensive endocytosis [15, 16, 31, 32] and the highest V-ATPase
activity [35], and are the principal sites of nephrotoxicity [44, 45].
Recent observations have indicated that, following endocytosis by
the proximal tubule, the protein portion of CdMT is rapidly
degraded within a few hours, whereas the released Cd is retained
in the cells [45]. This degradation may take place in lysosomes
[46], but recent investigations have shown that renal cortical
endosomes may be the site of a significant degradation of insulin
and possibly other proteins internalized by endocytosis from the
tubular fluid [47]. In addition to Cd-induced stimulation of
metallothionein synthesis [48] and inhibition of the expression of
some specific mRNAs [3] in proximal tubule cells, which may be
late effects in the development of nephrotoxicity, Cd released
from this degradation may directly inhibit various enzymes and
membrane transporters. Inhibition of V-ATPase in proximal
tubule cell brush border membranes and endocytic vesicles, as
well as the dissipation of H1 gradients in endosomes, may be one
of the earliest effects of the released Cd. This may occur if CdMT
degradation begins immediately following internalization into
endocytic vesicles. The inhibition of intravesicular acidification in
endosomes and other intracellular organelles by Cd may thus
disrupt endocytosis and intracellular vesicle trafficking that is
necessary for continuous recycling of plasma membrane trans-
porters. In this study we indeed functionally demonstrated a
strongly diminished endocytosis of FITC-dextran, and morpho-
logically showed a strongly decreased number of endocytic invagi-
nations and subapical vesicles in proximal tubule cells of Cd-
intoxicated rats. These findings clearly suggest that the rate of
endocytosis and vesicle-dependent recycling of brush border
proteins and other components in proximal tubule cells from
Cd-intoxicated rats is significantly diminished. The impaired
Fig. 8. Testing of cadmium (Cd) effect on
dissipation of the transmembrane pH gradient
in renal cortical endocytic vesicles. Vesicles
loaded with KCl-buffer were diluted in the
same buffer that contained acridine orange.
ATP was then added to initiate bafilomycin-
sensitive intravesicular acidification
(fluorescence quenching). At the indicated
time, Cd (final 50 mM) or water (H2O) was
added in the outside buffer, followed by
bafilomycin (BAF, final 1 mM), and spontaneous
dissipation of the DpH was recorded. CCCP
was added later to dissipate the residual DpH.
Shown are representative data for 3 similar
experiments with different vesicle preparations.
In the presence of Cd, the DpH dissipated
faster and the residual DpH was much smaller
in comparison with the same parameters in
control conditions.
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endocytosis may cause defective reabsorption of various proteins
present in the glomerular filtrate and lead to proteinuria, which is
an early sign of Cd-nephrotoxicity in mammals [1, 4, 13]. In
addition, inhibition of intracellular recycling of membrane pro-
teins via endo- and exocytosis may lead to the loss and shortening
of the microvilli observed in previous [13, 14, 37] and this study,
and diminish the abundance of specific transporters in the brush
border membrane, such as the V-ATPase (this study) and the
NaPi-2 cotransporter [3], leading to a loss of reabsorptive capacity
for phosphate and other compounds. However, as pointed out in
our previous study [3], the effect of Cd upon proximal tubule cells
plasma membrane transporters is by no means universal. In rats
treated with Cd for 14 days we also observed: (a) unchanged
transport activity of the sodium-sulphate co-transporter in iso-
lated BBMV; (b) unchanged abundance of the water channel
aquaporin-1 in isolated BBMV; and (c) no significant change in
specific activity of the renal cortical ouabain-sensitive Na1/K1-
ATPase in the renal cortex homogenate. Thus, Cd selectively
affects some but not all plasma membrane transporters. The cause
of this selectivity is unknown at present, but it may depend on
their rate of recycling and membrane half-life.
The pathophysiological implications of V-ATPase inhibition by
Cd in proximal tubule cells has to be considered. The bulk (80 to
85%) of bicarbonate reabsorption in the mammalian proximal
tubule depends on H1-secreting processes located in the brush
border membrane. The normal H1-secreting and bicarbonate-
reabsorptive functions of the proximal tubule are thus crucially
important for the overall regulation of acid-base balance in the
body. While an Na1/H1-antiport represents the main mechanism
for H1 secretion, the V-ATPase may be responsible for approx-
imately one third of the overall proton secretion in the rat
proximal tubule [38]. A significant loss of V-ATPase antigenicity
and bafilomycin-sensitive ATPase activity in renal brush border
membranes of Cd-intoxicated rats could impair H1 secretion in
proximal tubules and derange blood and urine acid-base param-
eters in these animals. However, as the contribution of brush
border V-ATPase to H1 secretion in the rat proximal tubule is
relatively small, one should not expect major derangements of the
acid-base equilibrium in the blood and urine. Indeed, our mea-
surements showed only a marginal acidotic state in Cd-intoxicated
rats, manifested by decreased bicarbonate and increased base
excess in the blood without changes in the blood and urine pH.
We do not know if this limited acidotic state results from an
impaired V-ATPase-mediated H1 secretion and bicarbonate re-
absorption in the renal proximal tubule or/and from the Cd-
effects upon other mechanisms of acid-base regulation in the
body. In our immunohistochemical studies, however, we observed
that a large number of intercalated cells in collecting ducts of
Fig. 9. Localization by fluorescence microscopy of endocytic vesicles loaded with FITC-dextran in vivo in frozen kidney cortex sections of control and
cadmium-intoxicated rats. In tissue sections of control animals (A), the fluorescent marker is concentrated in numerous vesicles beneath the brush
border membrane in proximal tubule cells. In tissue sections of Cd-intoxicated rats (B), the overall fluorescence in the proximal tubule cells was strongly
diminished, and the fluorophore-loaded vesicles are scattered in the cytoplasm rather than being concentrated subapically. Bar 5 20 mm.
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Fig. 10. Conventional electron micrograph of proximal tubule cell from control (A, C) and cadmium (Cd)-intoxicated rats (B, D). The cells from
control animals are characterized by a typical brush border membrane, numerous and deep basolateral invaginations, large mitochondria (M) positioned
at the basal pole (A), and numerous coated invaginations (arrowheads) and subapical vesicles (C). The cells from Cd-treated rats exhibit less developed
and focally damaged microvilli, fragmentation of basolateral membrane and loss of basolateral invaginations, smaller mitochondria scattered in the
cytoplasm (B), and fewer coated invaginations and subapically-located vesicles (D). Bar 5 1 mm.
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Cd-intoxicated animals exhibited a strongly apical localization of
the V-ATPase. These cells, if functional, may compensate for the
loss of H1 secretion in proximal tubules and may thus prevent
severe derangement of acid-base status in Cd-intoxicated animals.
In summary, Cd strongly decreases the activity and the amount
of V-ATPase in proximal tubule brush border membrane, and
dissipates the transmembrane pH gradients in endocytic vesicles
from rat renal cortex. These phenomena have minor effects upon
acid-base status of the experimental animal, causing weak meta-
bolic acidosis. They, however, may cause diminished endocytosis,
as demonstrated in our studies functionally, and loss of endocytic
invaginations and subapical vesicles, as demonstrated morpholog-
ically in the proximal tubule cells. An impaired endocytosis may
decrease reabsorption of filtered proteins, causing proteinuria,
or/and derange intracellular vesicle trafficking, causing loss of
specific transporters from the brush border membrane. These
effects would lead to a reduction of the reabsorptive capacity
of the proximal tubule, a characteristic feature of Cd-induced
nephropathy.
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APPENDIX
Abbreviations used in this article are: BBM, brush border membrane;
BBMV, brush border membrane vesicles; CCCP, carbonyl cyanide p-
chloromethoxyphenyl-hydrazone; Cd, cadmium; Cd-MT, cadmium-metal-
lothionein complex; DDT, dithiothreitol; EDTA, ethylenediamine
tetraacetic acid; EGTA, ethylene glycol-bis(B-aminoethylether)-
N,N,N9tetraacetic acid; FITC-dextran, fluorescein-isothiocyanate dextran;
HEPES, hydroxyethyl-piperazine-N9-2-ethanesulfonic acid; PBS, phos-
phate buffered saline; Pi, phosphate; PT, proximal tubule; V-ATPase,
vacuolar H1-ATPase.
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